Two proteins, D-alaninem-alanine ligase and CAMP-dependent protein kinase, share a remarkable degree of structural convergence despite having different three-dimensional folds and different enzymatic functions. Here we report that as many as 103 residues from 10 segments form two identical super-secondary structures between which the cofactor ATP is bound. The cofactor, two bound metal cations, and several water molecules form a large network of electrostatic and hydrophobic interactions common to both enzymes, and these are mediated by the similar placement of equivalent amino acids within the common supersecondary structures.
cleft located between the two antiparallel @-sheets, termed the "ATP-grasp" (Murzin, 1996) . and formed from the central and the carboxy-terminal domains (Fig. IA) . The other family consists of a large number of related protein kinases (Hanks et al., 1988; Bossemeyer et al., 1993; Hubbard et al., 1994; Xu et al., 1995) . The most pronounced similarity between these two "unrelated' families was found between DD-ligase and CAMPdependent kinase (cAPK) (Kobayashi & Go, 1997a , 1997b . The fold of cAPK ( Fig. 1B) consists of two lobes, one dominated by anti-parallel P-strands (smaller domain) and the other by a-helices (larger domain), and the ATP binding site is located in a cleft between these two domains (Bossemeyer et al., 1993) .
In binding to either of these enzymes, the cofactor forms a network of electrostatic interactions and hydrogen bonds with many residues within its binding site (Bossemeyer et al., 1993; Fan et al., 1994 Fan et al., , 1997 . The local similarity reported by Kobayashi and Go (1997a, 1997b) for DD-ligase and cAPK was limited to a fourresidue segment (two of these residues form two hydrogen bonds with the adenine ring of the cofactor in both proteins) and three sequentially separated amino acids surrounding the adenine moiety of the cofactor. Considering the reports by Kobayashi and Go (1997a, 1997b ) of a handful of structurally similar amino acids that interact with the cofactor in DD-ligase and cAPK, we have taken a more detailed look at the tertiary structures of these proteins. Our comparisons demonstrate that the topologically common segments Helices are drawn in green, P-strands in red and the rest in blue. Bound cofactors are shown by stick models in black. Amino-and carboxy-terminal ends of the polypeptide chains are indicated by circles and highlighted in purple. Figures 1, 3 , 6, and 7 were drawn with the program MOLSCRIPT (Kraulis, 1991) .
of the polypeptide chains responsible for the interactions with ATP in these two enzymes are much more extensive than have been suggested previously, providing nearly identical orientation of the cofactor, bound metal ions, and water molecules.
Results

Comparison of cAPK and Do-ligase
A preliminary pairwise superposition of the catalytic subunits of cAPK (crystallized with AMP-PNP, a nonhydrolyzable analogue of ATP) and DD-ligase (crystallized with ATP and D-Ala-D-ahydroxybutyrate phosphonate, but that reacted at the enzyme's active site to form ADP plus 1 (S)-aminoethyl-(2-~arbrboxypro-py1)phosphoryLphosphinic acid as a transition state intermediate) was made by the "Fit Atoms" command of S Y B n computer program (Tripos Associates, Inc., St. Louis, MO) on the basis of the C,-atoms of the four consecutive residues reported by Kobayashi and Go (1997a, 1997b) : Metl20, Glu121, 'Qr122, Va1123, and Glu180, Lysl81, Trp182, Leu183 in cAPK and DD-ligase, respectively (here and later all structural data relating to cAPK will be marked in bold). After this initial superposition, new equivalent pairs of amino acids were defined on the edges of the Metl2O-Val123 (Glu180-Leu183) segments by means of visual inspection. The segments were extended until the chains diverged completely. These elongated segments were super-imposed again and all equivalent segments of three or more residues were then identified and extended as before. As a result of several iterations of this procedure, a number of strands, helices, and loops totaling 103 C,-atoms from each of the two structures were superimposed with a RMSD of 3.19 8, (Figs. 2, 3A) . We will refer to this alignment as the "original hand-made" one. Interestingly, as a result of the structural alignment, the two "cofactors" (AMP-PNP and ADP) were found to be similarly oriented in space with an RMSD between the adenine moieties equal to 0.98 8,.
Independently, the pairwise superposition of the same subunits of cAPK and DD-ligaSe was made automatically by the computer program GENFlT (the algorithm will be described elsewhere). Given only a pair of protein structures as input to the program, GENFIT finds the largest region of structural similarity (stretches of at least four contiguous C,-atom pairs where the C,-C, distance between each pair is 53.0 A) without any a priori knowledge about any presumed structural similarity. Because GENFIT is a generic structural alignment procedure, it is able to pinpoint local structural similarities irrespective of the position of the similar segments in the molecule: thus, both the order of the segments along the sequence and the direction (N -+ C-terminus versus C + N-terminus) of the segments relative to each other in the compared structures is irrelevant (unlike programs designed to find similarities only among homologous protein structures). Three consecutive applications of this computer program each revealed from 9 to 12 segments composed of from 73 to 83 equivalent C,-atom pairs (the first comparison is shown in Fig. 3B ). The RMSD (equivalent C,-atoms) among these three structural alignments varies from 2.13 to 2.22 8,; as a result of the super-positioning of the structures, the adenine moieties of AMP-PNP and ADP have RMSDs ranging from 1.45 8, to 1.57 .&. These data are summarized in Table 1 , where they are compared with the result of our original hand-made alignment (Figs. 2, 3A) .
For comparison, note that the pairwise superposition of cAPK with other related kinase structures indicates that casein kinase-1 DD-llgase cAPK DD-ligase cAPK DD-ligase cAPK (with bound Mg*+-ATP) and cyclin-dependent kinase 2 (with bound Mg2+-ATP) are the most closely related known three-dimensional structures to cAPK (De Bondt et al., 1993; Zheng et al., 1993a; Xu et al., 1995) . In the first case, 179 C,-atoms of cAPK were superimposed with an RMSD of 1.8 A, and in the second case the same set of atoms gave an RMSD of 2.5 8, (Xu et al., 1995) .
Similar supersecondary structures surround the ATP-binding site
DD-Ligase and cAPK have 10 segments of the polypeptide chain in common (Figs. 2, 3A) . Note that all aligned segments have the same direction of the polypeptide chain. These 10 segments in cAPK include all seven principal P-strands existing in the protein: five antiparallel P-strands, S1-S5, from the smaller domain and two antiparallel P-strands, S7 and S8, from the larger domain. Strands S1-SS form aP-sheet surrounding the cofactor, and strands S7 and S8 form a P-hairpin loop structure. The ATP-binding site is located between the S1-S5 P-sheet and the S7-S8 loop (Fig. 3A) . The structure-based alignment also contains one a-helix from each of the two domains (helices HC and HE). Helix HC is positioned in the cofactor environment close to the Sl-SS @-sheet and the S 7 S 8 hairpin, while helix HE, on the contrary, is not situated in the vicinity of the AMP-PNP and is separated from the cofactor binding site by the S7-S8 P-hairpin ( Fig. 3A) .
In DD-ligase, the super-secondary structures surrounding the cofactor binding site are constructed in a very similar way to that seen for cAPK (Figs. 2, 3A) . Ten segments in the alignment contain all four antiparallel P-strands, S5-S8, one of the a-helices from the central domain, H5; and two antiparallel P-strands, S12 and S13, and one a-helix, H10, from the carboxy-terminal domain. As with the corresponding strands S2-S5 in cAPK, strands S5-S8 in DD-ligase also form an anti-parallel P-sheet surrounding the cofactor (Fig. 3A) , but a loop formed by residues Phe209 through Tyr212 is structurally equivalent to the extra strand, S1, seen in cAPK. Helix H5 is adjacent to the cofactor and is situated close to the antiparallel P-sheet. Strands S12-Sl3 form a /?-hairpin loop near helix H5. Thus, as in the case of cAPK, strands S5-S8 and the (1997a, 1997b) for Do-ligase and cAPK, 103 structurally equivalent residues in 10 segments were found to be common to these two proteins (original hand-made alignment). The start-stop positions of the secondary structures are noted above and below the sequences, according to the X-ray crystallographic data (Bossemeyer et al., 1993; Fan et al., 1997) . Equivalent residues forming hydrogen bonds and hydrophobic interactions with the cofactors are marked by "*" and circle with four tips, respectively. One pair of residues, Val123 (Leu183), participating Table I ). Fragments of Do-ligase (with ADP) and cAPK (with the AMP-PNP analogue of ATP) are shown by thin and thick lines, respectively. The crystallographic numbering of the residues at the ends of each segment from oD-ligase is shown.
S 1%" 13 /?-hairpin from DD-ligase form a sandwich structure with the cofactor located in between them. One of the most striking features of the structural alignment (Fig. 2) is the presence of seven equivalent, consecutively ordered segments in the polypeptide chain of both proteins (Fig. 4) . These seven segments are formed from 80 amino acids within the segments Asn90-Pro202 and Asn96-Met277. Five of these seven segments incorporate six equivalent elements of secondary structure ( Fig. 5) , while the remaining two short segments, Arg165-Leu167 (Gly254-Ile256) and Cys199-Pro202 (Ser274-Met277), do not. Segment Asn96-Met277 in DD-ligase is 69 residues longer than segment Asn90-Pro202 in cAPK, and this is due mainly to two long insertions between P-strands S5 and S8 and P-strand S8 and a-helix H10. The first long insertion ( Fig. 5 ) includes three a-helices: H6 (119-124), H7 (129-137), and HS (160-172), and two P-strands: S6 (141-145) and S7 (155-157) (secondary structure assignments according to Fan et al., 1997) . Interestingly, P-strands S6 and S7 participate in the structure-based alignment but match P-strands S3 and S2, respectively. The second insertion contains three P-strands: S9 (187-193), S10 (201-204), and S11 (222-224), and one a-helix H9 (212-216). In the case of cAPK (secondary structure assignments according to Bossemeyer et al., 1993) , the alignment encompasses all helices and strands within Asn90-Pro202 with the exception of two small P-strands, S6 (162-163), and S9 (189-lW), and an a-helix, HD (128-135), which is possibly an analogue of a-helix H9 (212-216).
It is interesting to note the disposition of elements of secondary structure within the segments of the amino acid sequence encoded by different exons in cAPK. The entire mouse heart gene of the catalytic subunit of cAPK (the porcine and mouse amino acid Table 1 (1993) .
. Equivalent segments, number of equivalences, and RMSD (C,-atoms only) values between cAPK (bold) and Do-ligase for original hand-made alignment and three consecutive runs of the computer program GENFIT"
'A distance cutoff of 3.0 8, was used to define equivalences in GENFIT this was not the case for the hand-made alignment. sequences share 97% identity (Zheng et al., 1993b) ) is divided into 10 exons (Chrivia et al., 1988) . In particular, exon 3 (residues 36-78) encodes P-strands S1 (not shown), S2, and S3; exon 4 (79-lll), a-helix HC andP-strand S4; exon 5 (112-139), P-strand S5 and a-helix HD; exon 6 (141-Ml), a-helix HE and P-strands S6, S7, and S8; and exon 7 (182-213), P-strand S9 and a-helix HE1 (207-211) (not shown) (Fig. 5) . Thus, segment Asn90-Pro202 is encoded by the exons 4-7. Unfortunately, no data are available concerning DD-ligase at this time.
Automated comparisons of these proteins, made without any human intervention, were performed using GENFIT, which has as its basis a genetic algorithm-based comparison procedure (May & Johnson, 1994 . The key to the procedure is the random exploration of all possible solutions to the superposition, and it is no surprise that the results produced by GENFIT vary from one run of the GENFIT program to another-this is a characteristic of genetic algorithms. Nonetheless, in three consecutive runs about 70 pairs of residues from nine segments of secondary structure are present in all three alignments (columns 4-6 in Table 1 ). The differences between the three GENFIT runs consist only of short four-residue long sequences (rows 8, 14, and 15 in Table 1 ).
Despite these small differences among the GENFIT alignments, the original hand-made alignment and the three GENFIT alignments share six common segments containing 60 equivalent resi- dues that superimpose with an RMSD of 2.03 8, (column 7 in Table 1 ). These six segments include six /?-strands and one a-helix (Table 1 ). In comparison with the the original hand-made alignment, these six segments do not contain a-helices HC and H5, which were not part of any of the GENFIT solutions, and this is most likely due to the 3.0 8, C,-C, cutoff distance used to define equivalencies between the two structures in GENFIT. Interestingly, two of the three segments given in all GENFIT alignments, yet absent from the original hand-made alignment, have polypeptide chains that run in the opposite direction (rows 2 and 12 in Table 1) .
Thus, although the folds of the enzymes are unquestionably different, we can conclude from this analysis that analogous segments of cAPK and DD-ligase form two equivalent supersecondary structures: (a) a P-sheet formed from four strands S2-S5 (SS-S8) and (b) an a/P complex formed from another domain, including an a-helix HE (H10) and two antiparallel P-strands S7-S8 (S12-S13) forming a P-hairpin structure (Fig. 6) . In both enzymes the cofactor binds to a cleft located between the @-sheet and the two antiparallel &strands of these two supersecondary structures. Surprisingly, the common four-residue segment found by Kobayashi and Go (1997a) is not entirely a part of any of these two supersecondary structures. Instead, it is a part of the segment Met120-Met128 (Gly180-Phe188) which, together with the segment PhelO2-Leu106 (Pro1 lO-Trpll4), connects the two supersecondary structures and plays an important role in their mutual disposition.
Discussion
Because the conformations of AMP-PNP and ADP bound to the cofactor binding site in the crystal structures coincide well as a result of our superposition of the two proteins, we might expect that the amino acid residues responsible for key interactions be- Helices and P-strands are drawn by circles and arrows, respectively, and numbered after Fan et al. (1997) and Bossemeyer et al. (1993) . The ends of the segments, Asp96-Met277 and Asn90-Pro202, and some amino acids are shown by small black circles. Amino acids are designated by single letter code. Six equivalent elements of the secondary structure within these segments are shown unshaded. Two P-strands, S2 and S3, which are outside the segment Asn90-Pm202 and structurally equivalent to them P-strands S7 and S6 are shaded by "/." The other (nonequivalent) elements of the secondary structure are shaded by "X." Triangles indicate position of the left ends of segments of the amino acid sequence encoded by 4, 5, 6 , and 7 exons in cAPK. Two large circles represent general location of the "cofactors." tween the enzymes and AMP-PNP and ADP (and thus ATP) will coincide also, and participate in stabilizing contacts formed both through main-chain and side-chain interactions with these "cofactors.'' Indeed, this is the case, and both invariant and conservatively varied residues, mainly among members of the kinase family, are involved in binding AMP-PNP and ADP to these enzymes. Below we consider those residues interacting with the purine base, the ribose ring, the phosphate groups, bound metal cations, and bound water.
The adenine bases are bound to cAPK and DD-ligase residues by equivalent hydrogen bonds between the ring nitrogens N1 of the bases and the backbone amides of Val123 and Leu183, and between nitrogens N6 of the bases and the backbone carbonyls of Glu121 and Lyslll (Fig. 7A) . Equivalent nonpolar interactions s4 ,ts5 ' s4 q S 5 Fig. 6 . Stereoview of the main-chain structure surrounding the cofactor binding site and common to both the original and GENFIT alignments. Six common segments for DD-ligase (red) and cAPK (blue) form two supersecondary structures: a P-sheet formed from four strands S2-S5 ( S 5 S 8 ) (lying below the "cofactors"), and an PIP complex, including an cy-helix HE (H10) and two antiparallel P-strands S7-SS (S12-S13) (lying above the "cofactors"). Bound cofactors are shown by stick models in green for cAPK and in violet for DD-ligase. The other common a-helix of the original hand-made alignment, HC (H5). is not shown. The cofactor binds to a cleft located between these two supersecondary structures. Four equivalent pairs of amino acids reported by Kobayashi and Go (1997a, 1997b) are drawn as black circles, and one pair Val123 (Leu183) is indicated. occur between one face of the purine rings and Val123 and Leu173 of cAPK and, correspondingly, Leu183 and Met259 of DD-ligase (Fig. 7B) ; the opposite face of the purine rings also form equivalent hydrophobic interactions with Leu49, Val57 (invariant within the kinase family (Hanks et al., 1988) ), Ala70, and Tyr122 in cAPK and, correspondingly, Phe209, Met154, Ile142, and Trp182 in DD-ligase. As a result, both enzymes form a hydrophobic pocket into which they bind the adenine moiety of the cofactor.
The hydroxyl groups of ribose are tightly bound to these enzymes through hydrogen bonding with the side chains of Glu127 and Glu187 (Fig. 7A) . Glu187 also forms a second hydrogen bond with oxygen 0 3 of the ribose ring in DD-ligase (not shown in Fig. 7A ), which does not have an equivalent partner in the cAPK complex but is instead hydrogen bonded to Glu170, to Arg 1-14 of a bound inhibitor peptide, and to one water molecule.
The &phosphate groups form equivalent hydrogen bonds with the main-chain amides of Phe54 and Serl51 and the a-phosphate groups with the side chains of LyS72 and Lys144 (residues invariant throughout both families; Hanks et al., 1988; Fan et al., 1994) (Fig. 7A) . The P-phosphate group of DD-ligase also forms an electrostatic link with Lys97, which corresponds to Glu91 in cAPK (invariant within the kinase family (Hanks et al., 1988) ). However, the side chain of Glu91 forms a hydrogen bond with the &phosphate group through the side-chain amino group of Lys72, which in turn, forms two hydrogen bonds with the a-and P-phosphate groups (Fig. 7A) . In addition, Arg255 and Gly276 stabilize the high-energy phosphinate intermediate in DD-ligase (Fan et al., 1997) . These residues correspond to Asp166 and Thr201 in cAPK, which are important for the release of product in the kinase (Bossemeyer et al., 1993) . Bossemeyer et al. (1993) have stated that the appropriate orientation of the invariant and conserved polar residues in cAPK is provided by neighboring residues with conserved hydrophobicity such as Leu167, Leu172, and Phe185. These residues (and the corresponding ones in DD-ligase: Jle256, Va1258, andAla271) form a hydrophobic cluster near the cofactor binding site (Fig. 7B) .
Two invariant residues (Hanks et al., 1988) in cAPK, Asnl71, and Asp184, and their corresponding amino acids in m-ligase, Asp257, and Glu270, interact with oxygens of both a-and pphosphoryl groups through two atoms each of M n 2 + and Mg2+. The network of electrostatic links thus formed is shown in Figure 7C . In addition, the two Mnz+ cations in cAPK also coordinate two oxygens of the y-phosphoryl group of AMP-PNP (Fig. 7D ). In the case of DD-ligase the y-phosphate of ATP has been transferred to D-Ala-D-a-hydroxybutyrate phosphonate, and as a result, ADP and the phosphorylated intermediate are found bound to the ATP binding site: the phosphate group of the bound intermediate (l(S)aminoethyl-(2-carboxypropyl)phosphoryl-phosphinic acid) mimics the y-phosphoryl group of the cofactor in cAPK. Two oxygens of the phosphate group of this intermediate are coordinated by the two Mg2+ cations in DD-ligase and are indeed structurally equivalent to what is seen in cAPK for the nonhydrolyzable ATP analogue (Fig. 7D) . Furthermore, the backbone amide groups of the amino acids Ser53 and Serl50, adjacent to segment 3 in the original handmade alignment (Table l) , form hydrogen bonds with a third pair of structurally equivalent oxygens of the y-phosphoryl group of
AMP-
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Finally. thcrc arc two pairs of cquivalcntly placed water molcculcs. WATSSI (WAT407) and W A T W (WAT40I ), in thc activc sitcs (Fig. 7E ). WATSSI and WAT407 arc prcscnt within hydrogen hmd distance (3.S A ) t o thc 0 3 oxygcns of thc rihosc rings; to the n-and y-phosphoryl groups of AMP-PNP and the n-phosphoryl group of ADP and thc P2 group of thc hound phosphinatc intcrmcdiatc; to onc pair of mctal cations Mn" and Mg' ' : and t o thc sidc chains of Asnl7l and Asp257. W A T W and WAT401 form four hydrogcn hmds cach with thcp-and y-phosphoryl groups of AMP-PNP and thc P-phosphoryl group of ADP and thc P2 group of the phosphinatc intcrmediatc: with the other pair of mctal cations Mn'+ and Mg' ' ; and with thc sidc chains ofAsp184 and Glu270. Thus. in cach protcin thcrc arc two idcntical triads: (a) thc OD1 (OD2) oxygcn of the sidc chain of Am171 (Asp2.57). water molcculc WATS51 (WAT407). and onc mctal cation Mn2+ (Mg" ' ); and (h) thc OD1 (OEI) oxygcn of thc sidc chain of Asp184 (Glu270). watcr molcculc W A T W (WAT40I ). and anothcr mctal cation Mn2+ (Mg'* 1. Furthcrmorc. oxygcn OD2 (OE2) of the sidc chain of Asp184 (GIu270) connccts thcsc two triads together and lics hctwcen the mctal cations. while the M)2 (ODI) atom of thc sidc chain of Asnl71 (Asp2S7) forms a hydrogen hond with atom OD2 (NH2) of the sidc chain of Asp166 (Arg25.5) (Fig. 7C) . As a result. thc triads. whosc apparcnt function is t o scrvc as a phosphatc anchor. play a significant rolc in stahilization of thc cnzymc-cofactor complex.
Ovcnll, the structurc-hascd alignment shows thc cquivalcnt placcmcnt of cight amino acids participating in csscntial polar intcractions with thc cofactor. and of ninc rcsiducs involved in hydrophohic contacts with it (Fig. 2) . Thcsc I7 pairs of amino acids arc locatcd on 7 of thc 10 ccxnrnon segments rcportcd in Figurc 2.
and nonc o f thcsc "kcy" amino acids arc located within P-strand s4 (S5). a-hclix HE (H10). or thc short scgmcnt 199-202 (274) (275) (276) (277) . due to thcir distant position from thc cofactor (Fig. 3A) .
Thus. we scc that (a) the "cofactors" have ncarly idcntical conformations whcn hound t o cithcr of thcsc two cnzymcs: this in- cludes the a-, /3-, and y-phosphates, and both pairs of metal cations tively long segments of polypeptide are required; (d) the equivaand bound water molecules, and strongly supports a similar mode lent disposition of these long segments is provided by the fact that of binding for ATP to these enzymes; (b) the equivalence of co-they have identical secondary structures, are packed into two equivfactor conformations is coupled with the equivalent disposition of alent supersecondary structures @-sheets and a//3-complexes) and key residues responsible for their specific interactions with the are linked together by two equivalent structures joining them. enzymes; (c) in order for these key residues to be appropriately All told, this study reveals a remarkable degree of similarity placed about the cofactor metal ions and water molecules, rela-between two families of proteins whose folds are reported to be different ( Fig. 1) and, thus, are not likely to share a common evolutionary history. Nature can and does converge toward similar local structure when function demands it. The extensive structural similarities seen here suggest that the proteins may be an example of the convergent evolution where the same cofactors are repeatedly exploited in completely different settings. However, it is impossible to rule out a more prosaic common origin for these structural similarities in these two families of enzymes.
Materials and methods
The coordinates of the 1.9 A resolution Escherichia coli structure of DD-ligaSe (1 low) and the 2.0 A resolution structure of porcine heart CAMP-dependent kinase (ICDK) were obtained from the Brookhaven Protein Data Bank (Bernstein et al.. 1977) . Superposition between DD-ligase and cAPK was initially made with the molecular modeling software package SYBYL (Tripos Associates, Inc., St. Louis, MO) on a Silicon Graphics ONYX REALITY ENGINE 2 workstation. A parallel version of the computer program GENFIT was run on two dual-processor Pentium-Pro personal computers running the LMUX operating system. The parallel version of the program was written in GNU C to operate within the LAM parallel processing environment (Ohio Supercomputer Center, The Ohio State University, USA) that implements the Message-Passing Interface (MPI) standard.
